This article describes a surface micromachined cantilever beam-based resonator for biological sensing applications. The study used a novel microfabrication technique of merged epitaxial lateral overgrowth (MELO) and chemical mechanical polishing (CMP) to fabricate thin, low stress, single-crystal silicon cantilever beams. The vibration spectra of the cantilever beams, excited by thermal and ambient noise, was measured in air using a Dimension 3100 Series scanning probe microscope (SPM), and in certain cases, a Polytec MSV300 laser Doppler vibrometer. The sensors were used to detect the mass of Listeria innocua bacteria by applying increasing concentration of bacteria suspension on the same cantilever beams and measuring the resonant frequency changes in air. Cantilever beams were also used to detect the mass of proteins such as Bovine Serum Albumin (BSA) and antibodies for Listeria that were attached to the cantilever's surfaces by physical adsorption; following which they were used to capture and detect the mass of the bacterial cells on the functionalized cantilever beam surfaces'. The effects of critical point drying of the proteins were evaluated and the results indicate that the functionality of the antibodies was not reduced once rehydrated after critical point drying. The developed biosensor is capable of rapid and ultrasensitive detection of bacteria and promises significant potential for the enhancement of microbiological research and diagnostics.
I. INTRODUCTION
Cantilever beams were introduced to nanotechnology with their use as probes in atomic force microscopy (AFM).
1 Cantilever beams can be considered as a link between the physical realms in the microscale and the nanoscale regimes. They have attracted a lot of attention in the microelectromechanical systems (MEMS) and nanotechnology community due to their simple structure and fabrication process flow, along with their displayed versatility in a wide range of applications as sensors and actuators. 2 Microscale cantilever beambased resonators have been shown to be extremely sensitive biosensors. 3, 4 The change in resonant frequency of the cantilever beam, due to mass change after analyte binding, is used as the detection scheme. This technique can fundamentally be used to detect single bacterial cells. 5 The advantage of this method over traditional diagnosis systems such as Enzyme-Linked Immunosorbent Assay (ELISA) (Ref. 6) or oligonucleotide (DNA or RNA) (Ref. 7) based assays is that whole, intact bacterial cells are detected. Hence, the present method can be not only ultrasensitive but can also be a less time consuming and a more energy efficient process. Functionalizing of arrays of cantilever beams with receptors to different analytes can also allow for the detection of multiple agents on the same chip.
Silicon microfabrication technology has many advantages which include: (i) precise control of dimensions, (ii) miniaturization of devices, (iii) fabrication of an array of devices with very close physical parameter values, (iv) batch fabrication leading to decrease in production cost, and (v) possibility of integration of various functional devices on the same platform leading to the ultimate goal of a "lab-on-achip." Single crystal materials such as silicon are preferred materials to make sensor elements due to their high mechanical quality factor. 8 The purpose of this article is to present the use of a surface micromachined silicon cantilever beam as a resonant biosensor for the detection of mass of bacterial cells and antibodies. In the present study, nonspecific binding of bacterial cells on cantilever beams was carried out in order to measure the effective dry mass of the Listeria innocua bacteria. The mass of antibody layer was also measured in order to demonstrate the sensitivity of the cantilever beams to the mass of the protein layers and to demonstrate antigenantibody interactions of bacterial cells adhering to functionalized surfaces more efficiently than on nonfunctionalized (bare) surfaces. Critical point drying (CPD) was performed before every step of measurement of the resonant frequencies in air, in order to avoid stiction. The functionality of the antibodies after CPD was qualitatively evaluated in the present study in order to the gauge their effectiveness. a)
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II. MATERIALS AND METHODS

A. Cantilever beam fabrication and mechanical characterization
A novel fabrication technique was developed to fabricate thin, low-stress, single-crystal cantilever beams. 9 The process flow involves using merged epitaxial lateral overgrowth (MELO) and chemical mechanical polishing (CMP) of single crystal silicon. MELO can be regarded as an extension of selective epitaxial growth (SEG) and epitaxial lateral overgrowth (ELO). Descriptions of the various forms of selective silicon growth have been reported previously.
10,11 Figure 1 shows a scanning electron micrograph of a rectangular shaped cantilever beam obtained using the present process flow. Among the previous works that have reported on the fabrication of ultrathin cantilever beams, virtually all of them employ a SOI wafer as the starting material. 12, 13 The fabrication method used in this study has the advantage of fabricating all-silicon structures without any oxide layer being present under the silicon anchor of the cantilever beam. This eliminates any mismatch in material properties between the silicon and silicon dioxide material that exists when using SOI as the starting material. This in turn eliminates, or certainly decreases, the residual stresses in cantilever beams that are a source of vibrational energy loss. 8 The present fabrication method also has the potential of fabricating arrays of cantilever beams with varying length, width, and thickness dimensions on the same substrate. This can allow the fabrication of arrays of cantilever beams with a range of mechanical resonant frequencies and sensitivities. The current fabrication method can be extended to confined lateral epitaxy or tunnel epitaxy to fabricate nanoscale thick cantilever beams for ultrasensitive-detection applications.
Thermal and ambient noise was used to excite the cantilever beams and their corresponding vibration spectra was measured in air using a Dimension 3100 Series (Digital Instruments, Veeco Metrology Group, Santa Barbara, CA) scanning probe microscope (SPM) and in certain experiments a MSV300 (Polytec PI, Auburn, MA) laser Doppler vibrometer (LDV). Thermal noise excitation was used since it does not require any power and it does not excite other stiffer, higher mechanical resonance modes such as that of the cantilever holder. The advantage of externally driving the cantilever beam will be of course more sensitive mass detection by achieving a higher quality factor, as described below. The vertical deflection signal of the cantilever beam was extracted from the SPM using a Digital Instrument Signal Access Module (SAM) and then digitized. The power spectral density was then evaluated using MATLAB software. The thermal vibration spectra data was fit (using the least square method) to the amplitude response of a simple harmonic oscillator (SHO) in order to obtain the resonant frequency and the quality factor. The amplitude response of a SHO is given as
where f is the frequency in Hz, f 0 is the resonant frequency, Q is the quality factor, and A dc is the cantilever amplitude at zero frequency. All the reported values of resonant frequency and quality factor presented and used in this work are those that have been obtained by curve fitting. The cantilever beams were calibrated by measuring their spring constant using the added mass method. 15 Table I shows the planar dimensions and mechanical characterization results for specifically two cantilever beams, designated cantilever 1, and cantilever 2, which have been used in this study. Different resonant frequency and spring constant was measured for different cantilever beams with around the same planar dimensions due to difference in thickness of these cantilevers. Based on the mechanical parameters of the cantilever beams, it is possible to determine the minimum detectable frequency change ⌬f min , which is limited by thermal noise, 16, 17 as given below:
where A is the square root of the mean-square amplitude of the cantilever beam, k B is Boltzmann's constant, T is the temperature, f 0 is the resonant frequency, k is the spring constant, and B is the measurement bandwidth. This is calculated to be around 150-200 Hz for the cantilever beams used in this study. It can be seen that externally driving the cantilever beam will lead to an increase in the amplitude and the quality factor, resulting in the decrease of the minimum detectable frequency shift, leading to an improvement in the mass detection sensitivity. 
B. Bacterial growth conditions and chemical reagents used
Listeria innocua bacteria were grown in Luria-Bertani (LB) broth at 37°C placed in an incubator. The initial concentration of the bacterial suspension was estimated to be around 5 ϫ 10 8 cells/ ml. The buffer used in all the experiments in the present study was phosphate buffered saline (PBS) with pH 7.4 (137 mM NaCl, 2.7 mM KCl and 10 mM phosphate buffer solution). The bacteria were transferred to the PBS buffer for further dilution. Bacterial suspensions in concentration varying from 5 Ã 10 6 to 5 ϫ 10 8 cells/ ml were introduced on the cantilever beam surfaces. Goat affinitypurified polyclonal antibody for Listeria innocua was used (Kirkegaard & Perry Laboratories, Gaithersburg, MD). BSA (Bovine Serum Albumin) was used as a blocking agent in order to prevent nonspecific binding of bacteria cells in areas not covered by the antibody layer. 18 Tween-20 (0.05% by volume) in PBS was used as a surfactant in order to remove the loosely bound bacteria attached to the surfaces.
C. Dry mass measurement of bacterial cells
Nonspecific binding of bacteria was performed on the cantilever beam surfaces in order to obtain the effective dry mass of Listeria innocua bacteria. All the resonant frequency measurements in the present study were done in air. The measurements were performed using a laser Doppler vibrometer due to resources constraints. In order to prevent stiction of the cantilever structures onto the underlying substrate after removal from liquid, the structures were dried using critical point drying (CPD). Following the introduction of the bacterial suspension over the cantilever beam for thirty minutes, the cantilever beams were immersed in ethanol and dried using CPD. The above procedure was repeated on the same cantilever beams with increasing bacteria concentration in order to get frequency shift as a function of cell number bound to the cantilever. The number of bacteria on the cantilever was counted using a dark-field microscope and doubled to account for the bacteria bound at the bottom of the cantilever.
D. Antibody coating of cantilever beams
BSA and the antibody to Listeria innocua bacteria were immobilized on the cantilever beam surface using physical adsorption. Both BSA and the antibody solution were introduced on the cantilever beams by dispensing 10-15 µl of the solutions using micropipettes over the cantilever beam locations on the chip.
The cantilever beams were first cleaned using piranha solution ͑H 2 O 2 :H 2 SO 4 =1:1͒ and then immersed in ethanol before being critical point dried. The resonant frequency was measured in order to obtain the unloaded resonant frequency. The cantilevers were immersed in the Listeria antibody, at a concentration of 1 mg/ ml, for 15 min. The cantilevers were then rinsed for around 30 s in deionized (DI) water and treated with BSA, at a concentration of 2 mg/ ml, for 15 min. Then the samples were again rinsed in DI for around 30 s and then treated in increasing concentrations of methanol in PBS ranging from 1% to 100%. Finally, placing the cantilevers in a 100% methanol solution, they were dried using critical point drying. The resonant frequency of the cantilever beam was then measured in air in order to get the change in frequency due to the antibody and BSA mass.
The antibody-coated cantilevers were treated in PBS buffer for 15 min (in order to rehydrate the antibodies) followed by a short rinse of around 5 s in DI. The cantilevers were then treated with a bacterial suspension of Listeria innocua, at an estimated concentration of 5 Ã 10 8 cells/ ml for 15 min. The sample was rinsed in DI for around 30 s following which the sample were gently shaken in a solution of 0.05% Tween-20 in PBS for 5 min. Following a short rinsing step in DI, the cantilever beams were again treated in increasing concentration of methanol in PBS before being dried using a critical point dryer. The resonant frequency was then measured in order to determine the change in resonant frequency due to the bound cells.
As the resonant frequency of the cantilever beam was measured after both the antibody and BSA were attached to the surface, it was desired to find the separate effects of BSA and antibodies on the resonant frequency due to mass loading. The cantilever beam was initially cleaned to remove all the organics using piranha solution as before and measured to obtain the unloaded resonant frequency. The cantilever was then treated with BSA for around 15 min, rinsed in DI for around 30 s, and measured to obtain the loaded resonant frequency. The same cantilever was cleaned again in piranha, measured to obtain the unloaded resonant frequency, treated with antibodies, rinsed in DI, and finally, measured to obtain the new loaded resonant frequency.
E. Critical point drying of antibody layers
A qualitative experiment was conducted in order to gauge the effect of critical point drying on the effectiveness of the antibodies in capturing the bacterial cells. Silicon pieces of size around 8 mmϫ 8 mm were used in this experiment. They were treated with piranha solution in order to remove any organics on them, rinsed in DI water, and N 2 blown dry. Two of the chips were treated with antibody and BSA while two others, to be used as controls, were not treated at all and left bare. One of the functionalized chips as well as one of the control chips were then immersed in methanol for 5 min and critically point dried, while the other functionalized and control chips were air dried. All the four chips were then treated in PBS buffer, placed in fluorescein isothiocyanate (FITC) labeled bacterial suspensions of Listeria innocua (conc. of around 5 ϫ 10 8 cells/ ml), rinsed in DI water, following which they were observed under a fluorescent microscope. Finally after excess water on the chips' surfaces was removed by air drying, they were treated in PBS-Tween (0.05%) for 5 min, dipped in DI water and were observed again using a fluorescent microscope.
III. RESULTS AND DISCUSSION
A. Detection of bacterial cell mass using nonfunctionalized cantilever beams
The nonspecific binding experiment was performed in order to see the smallest number of bacterial cells that could be detected with the smallest observable shift in resonant frequency of the cantilever, as well as to test for the linearity of the measurements, thus proving them to be valid. After the last and highest concentration of bacterial cells was introduced on the cantilever beams and the resonant frequency were measured, cantilever 1 was sputtered with a layer of Au/ Pd and SEM micrographs were taken of the cantilever beam. Figure 2 shows SEM micrographs depicting unselective binding of bacterial cells on cantilever 1. A uniform distribution of the bacterial cells can be seen over the cantilever surface as well as the surrounding area of the sample. The slight bending of the cantilever beams observed in the micrographs is due to the stress caused by the Au/ Pd layer on top of the cantilever beam.
After each bacterial binding and resonant frequency measurement step, the number of bacterial cells were counted (and doubled to account for the top and bottom surface) from the photomicrographs. The change in mass due to a change in resonant frequency can be given as
where k is the spring constant of the cantilever beam, f 0 is the initial resonant frequency before the addition of the mass, f 1 is the resonant frequency after the mass addition, and n = 1 in the case the added mass is placed right at the free end and n ϳ 0.24 for the case when the additional mass is uniformly distributed over a rectangular shaped cantilever beam. The assumption is made that the spring constant does not change after the mass addition. Hence, all the values that were obtained for the mass change assumed that all the mass was concentrated at the free end. In order to get a value for the dry cell mass of a single L. innocua bacterium, each of the bacterial cells that were counted on the surface was weighted by a factor of ͑x / L͒, where x was the distance from the fixed end and L was the length of the cantilever beam. 5 As the cells attached nonspecifically over the entire cantilever beam and as it was not possible to count the cells on the bottom of the cantilever it was estimated that the same number of cells attached at the bottom as on the top. Making this assumption and taking an average of the dry cell mass obtained for the three increasing concentrations from different cantilever beams, the dry cell weight was estimated to be around 85 fg. Figure 3(a) shows the frequency shift as a function of effective number of bacterial cells bound on surface of cantilever beams with around the same frequency range. Figure 3(b) shows the vibration spectra measured for cantilever 1 before and after binding of around 180 bacterial cells. The resonant frequency shift was close to 1 kHz. The typical shape of Listeria bacteria is cylindrical with dimensions of length around 0.5-2 µm and width of around 0.4-0.6 µm. Assuming that the density of a bacterial cell is slightly higher than that of water ͑ϳ1.05 g / cm 3 ͒ with length of 2 µm and width of 0.4 µm, and that around 70% of the cell mass is due to water, calculations show the dry cell mass is expected to be around 79 fg. This is certainly close to the measured range of around 85 fg. Ultrasensitive cantilever beams that can detect single cells can be achieved by scaling down the planar dimensions of the cantilever beams, 3, 5 with a proportionate decrease in the thickness of the cantilever beams in order to decrease the bandwidth of the cantilever beams. The sensitivity of the resonators can also be increased by improving the quality factor ͑Q͒ of the cantilever beams, which can be achieved by externally driving the cantilevers, performing the measurement in vacuum and the like. 
B. Detection of bacterial cell mass using antibody-coated cantilever beams
Cantilever beam 2 was used to measure the mass of the adsorbed antibodies and BSA, followed by the mass of the bacterial cells along with the protein layer. Figure 4 shows the change in resonant frequency of cantilever 2 at different stages of the experiment of selectively capturing bacterial cells on the cantilever. The resonant frequency was measured after a piranha clean of the cantilever beams, after the antibody plus BSA immobilization, and finally after the bacterial introduction. It should be pointed out that each of the steps was followed by a critical point drying step as the resonant frequency needed to be measured in air. As stated before, the critical point drying was done in order to avoid the stiction problem that normally occurs for surface micromachined structures after being pulled from a liquid medium.
The largest frequency change was measured after the antibody plus BSA immobilization step which was about 2 kHz. Using Eq. (3) and assuming that the antibody and BSA form a uniform layer over the cantilever beam surface, the added mass was calculated to be around 93 pg for cantilever 2. The cantilevers were not bent indicating that the adsorption was on both sides of the cantilever. There was a shift in resonant frequency of around 500 Hz (corresponding to a mass change of 5.3 pg) after the attachment of the bacterial cells, as shown in Fig. 4 . The effective number of bacterial cells that were captured on cantilever 2 was estimated to be around 62 bacterial cells (assuming the mass of each bacterial cell to be around 85 fg).
The mass of the antibody and BSA layer that was adsorbed on the cantilever beam surface was measured to be around 90 pg. In order to estimate whether the values were reasonable, one can make some rough calculations. The molecular weight of an antibody molecule (IgG) is estimated to be around 150kDa, 20 with an effective area for a single molecule to be around 45 nm 2 . The molecular weight of a BSA molecule is around 66 kDa with an effective area of around 44 nm 2 (assuming BSA to be an ellipsoid with dimensions of 14 nm by 4 nm). 21 Since the antibody was first attached to the cantilever beam, followed by BSA, it is safe to assume that the BSA covers only those areas not covered by the antibody itself and that they do not attach to the antibody layer. It should be reasonable to assume that the antibodies cover the majority of the surface area of the cantilever beam. Assuming total coverage over the entire cantilever surface area (top and bottom of the cantilever) by the antibody, a mass of around 87 pg (mass of antibody layer divided by 0.24) is calculated. Since the antibodies and BSA are non- specifically adsorbed, they will be randomly attached to the cantilever and could also be attached in multiple layers. The measured values of added mass are, however, in the expected pg range.
In order to better ascertain the effect of mass loading, by BSA and the antibody, on the resonant frequency, they were separately attached to the cantilever beam and the resonant frequency shift was measured. The antibody (conc. of 1 mg/ml) gave a frequency shift of around 1.48 kHz, which corresponds to a mass change of 59 pg (see Fig. 5 ). BSA (conc. of 2 mg/ ml) gave a frequency change of around 3.94 kHz which corresponds to a mass change of around 166 pg (see Fig. 6 ). In the case of BSA, theoretical calculations give an expected value of around 40 pg, when making the same assumptions as were made in the case for the antibody. One possible reason for the difference could be that the BSA molecules are stacking on top of each other forming multiple layers.
C. Effectiveness of antibodies after critical point drying
Critical point drying was done before many resonant frequency measurement steps, so as to minimize stiction of the cantilever beams to the underlying substrate. Figure 7 shows fluorescent photomicrographs taken after all the samples (see Sec. II E) with the bacteria were treated in PBS-Tween (0.05%) for 5 min and rinsed in DI water, and were taken at a magnification of 400ϫ. attached antibodies and BSA that had been air dried. Figure  7(b) shows the sample with the antibody and BSA that had been dried using CPD. Figures 7(c) and 7(d) show the control sample with no antibody and no BSA was attached, with the sample shown in Fig. 7 (c) on which no CPD was performed, and the sample shown in Fig. 7(d) on which CPD was performed. Comparing all the photomicrographs, lead us to some general conclusions. CPD does not adversely affect the ability of the antibody to capture the bacterial cells. Inspecting the photomicrographs of the controls, we see that the CPD dried sample as well as the sample on which no CPD was performed, captured significantly less bacterial cells than the samples with the antibody-functionalized surfaces. More analysis is needed to study this effect in detail but our experiments demonstrated qualitatively that performing CPD step once on the antibodies does not denature or damage them appreciably.
IV. CONCLUSIONS
The present study demonstrated the use of a novel surface micromachined cantilever beams as a resonant mass sensor for biological applications. This work showed that the present technique and devices can be used to measure the mass of adsorbed proteins and to perform rapid and sensitive detection of bacterial cells. Antigen-antibody interactions were used to capture bacterial cells on functionalized surfaces, hence paving the way for an immunospecific resonant mass sensor based on surface micromachined cantilever beams.
